Electrical stimulation of the cerebellar fastig ial nucleus (FN) globally and profoundly increases cere bral blood flow via a cholinergic mechanism. In cerebral cortex, the vasodilation is unassociated with alterations in cerebral glucose utilization, a condition favoring pro tection against cerebral ischemia. We sought to determine whether FN stimulation would modify the size of the fo cal ischemic infarction resulting from occlusion of the middle cerebral artery (MCA). The MCA was occluded in anesthetized rats of the spontaneously hypertensive (SHR) or Sprague-Dawley (SD) strains with or without 1 h of electrical stimulation of the FN. Twenty-four hours later, rats were killed and the volume of the infarction established in thionin·stained sections. In SHRs, FN stimulation reduced by 40% the well-established cortical and partially subcortical infarctions elicited by occlusion of the MCA (from 186 ± 35.2 to 113 ± 47.1 mm 3 , mean ±
Over the past few years, evidence has accrued in experimental animals that electrical or chemical stimulation of various regions of brain can markedly modify regional cerebral blood flow (rCBF). This central neurogenic control of the cerebral circula tion results from excitation of pathways intrinsic to the brain and represents a level of regulation of the cerebral circulation complementary to those medi ated by cerebrovascular autoregulation, coupling to metabolism, and autonomic and sensory nerves SD, n = 15; p < 0.001). The zone of retrieval was ana tomically constant, consisting of a rim of cortex dorsal and ventral to the infarction and medially within the thal amus and striatum corresponding to the penumbral zone described by others. The effect was comparable in rats of the SD strain having smaller infarctions. The effect of FN stimulation appears to be selective for the FN system in that it is not evoked by stimulation of the dentate nucleus and is blocked by systemic administration of atropine (1.0 mg/kg). We conclude that excitation of an intrinsic sys tem in brain represented in the rostral FN has the capac ity to reduce substantially an ischemic infarction. Whether the result is a consequence of an action of the FN upon cerebral blood flow and/or results from protec tive actions of released transmitter is yet unknown. Key Words: Fastigial nucleus-Cerebellum-Focal cerebral ischemia-Brain lesions. arising from neurons located outside of the brain. One region that can potently influence rCBF is rep resented in the rostral ventromedial cerebellar fas tigial nucleus (FN) (Nakai et aI., 1982 (Nakai et aI., , 1983 . Elec trical stimulation of the FN in rat (Nakai et aI., 1983) , cat (Doba and Reis, 1972) , rabbit (Reis et aI., 1982) , or primate (McKee et aI., 1976; Goadsby and Lambert, 1989) can markedly elevate rCBF globally in the brain and spinal cord. In rat, the elevation of rCBF is maximal in cortex, rising to almost 300% of control (Nakai et aI., 1982 (Nakai et aI., ,1983 . Here the increase in rCBF is mediated by the release of acetylcholine since systemic administration of atropine will abol ish (Iadecola et al., 1986) while topical application (Arneric et aI., 1987) substantially reduces the re sponse. Within the cerebral cortex, as in many other brain regions, the increase in rCBF elicited by FN stimulation is not associated with changes III local cerebral metabolism (Nakai et aI., 1983) .
The increase in rCBF unassociated with changes in metabolism elicited from stimulation of the FN might create conditions favoring recovery of some brain tissue from focal ischemia particularly since enhancement of local cholinergic transmission may also enhance local blood flow following ischemia (Scremin and Jenden, 1989) .
In the present study, we have therefore investi gated whether the magnitude of neuronal damage to rat brain produced by occlusion of the middle cere bral artery (MCA) (Tamura et aI., 198 1) can be mod ified by electrical stimulation of the FN. We dem onstrate that such stimulation can result in a >40% reduction in the size of ischemic injury, illustrating that the brain can influence, via intrinsic circuits, the outcome of stroke injury. Preliminary results of this study have been reported (Khayata et aI., 1988; Underwood et aI., 1989) . In addition, this finding was confirmed in another study, in which magnetic resonance imaging (MRI) was used to quantify the change in infarct size (Berger et aI., 1990) .
MATERIALS AND METHODS

Preparation of animals
Studies were performed on adult male rats of the Wi star-Kyoto spontaneously hypertensive (SHR) or Sprague-Dawley (SD) strains. All surgical procedures were performed aseptically. The methods for instrumen tation, measurement of blood gases and hematocrit (Hct), and surgical procedures for placement of electrodes in and stimulating the FN were by methods described in detail in other publications from this laboratory (Nakai et aI., 1982 (Nakai et aI., ,1983 .
Briefly, for the majority of studies, rats were anesthe tized with isofluorane (1-3% in 100% 02) blown over the nose. A femoral artery was cannulated to record arterial pressure (AP) and heart rate (HR) by conventional meth ods on a strip chart recorder. After instrumentation, rats were mounted in a stereotaxic apparatus and blood re moved for determination of Hct, p02' pC02, pH (mea sured by a blood gas analyzer), and blood glucose con centration. Body temperature was constantly monitored and maintained at 37°C by a thermostatically controlled infrared lamp connected to a rectal probe. Rats destined for cerebellar stimulation, either of the fastigial or dentate nucleus, underwent a restricted occipital craniotomy ex posing the vermis of the cerebellum and the lower me dulla for placement of the electrode.
The MCA was then exposed for occlusion distal to the lenticulostriatal branches by a method modified from that of Tamura et al. (1981) . Briefly, animals were rotated in the stereotaxic frame to a lateral position with the right side facing upward. The skin was incised midway be tween the orbit and external auditory meatus and the tem poral muscle retracted. Under magnification, the MCA was exposed through a hole in the skull at a point rostral to the fusion of the zygomatic arch and squamous portion of the temporal bone made with a dental drill continu ously cooled with a saline drip. In all groups, the dura overlying the MCA was incised. In controls (sham), the artery was visualized but not occluded. In all other groups, a small wire hook was placed under the MCAjust superior to the inferior cortical vein, and the artery cau terized. Animals were then rotated back to a prone posi tion for stimulation. The same surgeon was responsible for production of all lesions.
The brain was electrically stimulated with cathodal square-wave pulses delivered through mono polar elec trodes fabricated from Teflon-insulated stainless steel wire (150 fLm o.d.) carried in 28-gauge stainless steel tub ing and exposed at the tip for 100 fLm. The anode was a clip attached subcutaneously to neck muscle. Electrical pulses were generated by a square-wave stimulator and constant current was passed through a photoelectric stim ulus-isolation unit. The stimulus current was measured by continuously displaying on an oscilloscope the voltage drop across a 10 n resistor. The electrode was mounted on a stereotaxic micromanipulator and lowered into the cerebellum with a posterior inclination of 10°. The area of the FN from which stimulation elicited maximal increases in cerebral blood flow was identified by localization of the most active site for the fastigial pressor response. The area of the cerebellum explored extended 4.8-5.2 mm an terior to, 0.6-1.0 mm lateral to, and 2.0-0.5 mm above the calamus scriptorius, the stereotaxic zero reference point. To localize the most active area of the FN for the pressor response, the electrode was moved in steps of 0.5 mm while stimulating with 8 s trains of pulses of 0.5 ms du ration at 50 Hz and a stimulus current of 10--20 fLA. Such stimulation never elevated arterial pressure more than 15 mm Hg, thereby keeping the MAP below 150 mm Hg. Such precautions were taken because an abrupt rise in AP above the autoregulated range might result in paralysis of vascular responsivity and loss of autoregulation.
Once the most sensitive site in the FN was located, the electrode was left in place. The FN was then stimulated with intermittent trains of pulses (l s on/l s off; 0.5 ms) at 50 Hz and with current intensity gradually increasing to five times the minimal current required to elevate the AP by 10 mm Hg. The AP was maintained constant by the technique of controlled hemorrhage, so that at no time during stimulation was the MAP allowed to rise more than 10 mm Hg above the resting AP, within the autoreg ulated range.
For rats undergoing dentate nucleus (DN) stimulation, the electrode was placed 5 mm rostral to, 2.9 mm lateral to, and 1.7 mm above the calamus. DN stimulation had no effect on AP.
To examine the effects of atropine on the response to FN stimulation, two groups were studied. In the atropine control group, atropine was administered (1 mg/kg i.a.) just prior to occlusion of the MCA; the FN was not stim ulated. In the second group, the drug was administered just prior to MCA occlusion and the initiation of FN stim ulation.
In stimulated animals, the cerebellum, either the FN or the DN, was stimulated during this period for 1 h follow ing occlusion of the MCA. At the end of the stimulus epoch, blood gases were sampled again and the electrode tip was marked by production of a small lesion made by passage of a DC pulse of 200 fLA for 10 s delivered from a DC lesion maker. After stimulation was terminated, the cranial wounds were covered with gel foam and closed with sutures. The femoral arterial cannula was removed after ligation of the artery, the animal removed from the stereotaxic frame, anesthesia discontinued, and the ani mal returned to its cage. All wounds were treated with 1 % lidocaine gel and bacitracin ointment. Control rats were maintained under anesthesia for 1 h after MCA occlusion.
Twenty-four hours after completion of the procedures, rats were reanesthetized with isofluorane, and killed by decapitation. The brains were removed, immediately fro zen in liquid freon, and stored at -20°C until analysis, usually within I week. Brains were serially sectioned in a cryostat at -20°C in the coronal plane with sections sam pled every 200 f.Lm (20 f.Lm sections, 1 in 10) and stained with thionin.
Brain sections were projected onto a data tablet from an overhead projector. Each section was identified, for placement in a data base, by reference to corresponding levels in the atlas of rat brain by Paxinos and Watson (1986) . The operator was blind with respect to treatment group. The boundary of the infarct was defined by the sharp delineation on thionin-stained sections of the near complete loss of staining of Nissl substance. The borders of the lesion were usually self-evident but when question able were verified microscopically. The lesion was traced and its area, with respect to each anteroposterior (A-P) level, computed. The volume of the infarct was computed as the product of cross-sectional area for all sections and the distance between sections. Although others (Osborne et ai., 1987; Duverger and MacKenzie, 1988) have main tained that only eight levels are needed to estimate infarct size, we have examined lesions at 0.5 mm intervals from levels 1 mm rostral and 1 mm caudal to the lesion. The location of electrode sites was also identified.
Statistical analysis
Multiple comparisons were analyzed using analysis of variance (ANOV A) and the Newman-Keuls test (Tables  1 and 2) . Differences were considered significant for p < 0.05.
RESULTS
MCA occlusion in spontaneously hypertensive rats
Occlusion of the MeA in rats of the SHR strain resulted, within 24 h, in the well-recognized isch emic infarction, sharply demarcated from the sur roundings, within the territory of the MeA (Fig.  lA) . For the group (n = 15), the lesion extended over 14 mm from the frontal pole to the rostral edge of the occipital cortex as demonstrated in Fig. 2 (filled circles) in which the average cross-sectional area is ploUed against distance along the rostral caudal axis (in mm from the interaural line). Nota ble was the great uniformity of the lesions and small variability of cross-sectional areas at different sites. The average volume of the infarction was � 187 mm 3 (Table 1) . Microscopically, there was dissolution of all cellular elements.
In contrast, sham-operated controls (MCA ex posed but not occluded) exhibited small infarctions just beneath the site of exposure of the MeA (not shown). These averaged �12 mm 3 (Table 1) .
The cross-sectional area of the lesion was maxi- mal at a level approximately 9.5 mm anterior to the interaural line, where it was 25. 1 mm 2 (Fig. 2) . The distribution of lesion at this level, reconstructed from the same rats, is depicted in Fig. 3 and consists of the territory encompassed by light and dark stip ple. Laterally, the lesion extended over the dorsal portion of the hemisphere to preserve cingulate and adjacent motor cortex and ventrally to include large portions of pyriform cortex. Medially, the lesion damaged the lateral edge of the caudate-putamen, the lateral edge of the thalamus, and overlying hip pocampal formation and dorsal portions of the amygdala.
Effects of electrical stimulation of the FN upon lesion size
The FN was electrically stimulated in 13 SHRs for 1 h immediately following occlusion of the MeA. The location of electrode sites in seven rep resentative animals is shown in Fig. 4 . In all other rats of this group, the electrode was contained within the same area.
Electrical stimulation of the FN resulted in a striking reduction in lesion size. This is seen by comparing the distribution of the lesion in a repre sentative case ( Fig. IB) with that from an unstimu lated rat with occlusion of the MCA (Fig. lA) , as shown in group data (Fig. 2) , and as demonstrated by the reduction in the territory of the averaged lesion area in the same cross-section as shown in Fig. 3 (dark stipple represents the salvaged area) . The area of the infarct in this group was 113 mm 3 (Table 1) , representing a reduction in infarct volume by -40%.
With respect to cross-sectional area (Fig. 2 , open circles), the reduction in lesion size was largely re stricted to the caudal two-thirds of the area dam aged by MCA occlusion in unstimulated rats. More over, the area of tissue preservation as examined at the level of maximal discrepancy of the lesion, i.e., 7.S mm anterior to the interaural line (Fig. 3) , was consistent and resulted in preservat i on of tissue within a rim surrounding the lesion core and encom passing the middle one-third of the dorsal hemi-sphere, and portions of ventral hemisphere includ ing entorhinal cortex, lateral thalamus, dorsal amygdala, and lateral hypothalamus. We term the zone of brain consistently damaged in all rats the irretrievable zone (IZ) while that which is preserved by FN stimulation the retrievable zone (RZ).
Effects of stimulation of the dentate nucleus
Electrical stimulation from histologically verified sites within the ON in seven rats did not modify the size or distribution of the cerebral infarction pro duced by occlusion of the MCA (Table 1) . Thus, the response to electrical stimulation of the FN appears to be anatomically selective.
Effects of atropine
The systemic administration of atropine blocks the cerebrovascular vasodilation elicited by electri cal stimulation of the FN (ladecola et aI., 1986) . If the preservation of cerebral tissue following MCA occlusion is a consequence of activation of the same neuronal system in the FN responsible for the in crease in rCBF, atropine should block the reduction in lesion size produced by FN stimulation.
Experiments were conducted in 16 rats. In nine, the MCA was occluded and atropine 0.0 mg/kg i.a.) was administered 10 min prior to MCA occlusion. In seven rats, atropine was administered 10 min prior to the onset of FN stimulation. Atropine alone had no effect on the size of the lesion produced by MCA occlusion (Table 1) . Atropine, however, com pletely blocked the tissue-preserving effects of FN stimulation (Table 1) .
For the atropine control group (MCA occlusion but no FN stimulation, n = 9), the lesion extended over 14 mm from the frontal pole to the rostral edge of the occipital cortex, as demonstrated in Fig. SA  (open circles) . The distribution of the lesion is not significantly different from that shown in Fig. 2 . Moreover, the distribution of the lesion for the at ropine-FN-stimulated group (Fig. SB, n = 7) was not significantly different from either the MCA only or the MCA-atropine groups (compare with Fig. SA  and Fig. 2 ).
Effects of FN stimulation on the infarction produced by MCA occlusion of SO rats
To control for the possibility that the effects of FN stimulation in reducing cerebral infarction in SHRs was strain specific, we examined the effects of MCA occlusion with and without FN stimulation in rats of the SO strain. Because of the well recognized variability (Duverger and MacKenzie, 1988; Shiino, et aI., 1989) of lesion size between groups of SD rats, two studies were done. For each experiment, control and stimulated rats were from the same batch. The experiments were separated by several months.
In the first study, the MCA was occluded in nine SD rats and resulted in a characteristic infarction Fig. 2 ). Dark and light stipple represent extent of lesion in the absence of FN stimulation. Light stip ple is the distribution in rats with FN stimulation. The dark stipple therefore represents the retrievable zone (RZ). Light stipple represents the area of brain not salvaged by FN stim ulation (irretrievable zone, IZ). CPu, caudate-putamen; HIPP, hippocampus; IZ, irretrievable zone; LD, lateral dorsal tha lamic nucleus; LH, lateral hypothalamic nucleus; MD, me diodorsal thalamic nucleus; Pir, pyriform cortex; RZ, retriev able zone; VMH, ventromedial hypothalamic nucleus; VPL, ventral posterolateral thalamic nucleus.
J Cereb Blood Flow Metab, Vol. 11, No.5, 1991 within the territory of the MCA. In this group, the size of the lesion, in agreement with the reports of others (Duverger and MacKenzie, 1988) , was sub stantially smaller than that of the SHRs. As de picted in Fig. 6 , the rostral-caudal extent of the lesions averaged 7.5 mm, representing 58% of the distribution in SHRs; the greatest cross-sectional area, �16.2 mm 2 , was situated at a point �9.75 mm ahead of the interaural line, coincident with that obtained in SHRs and representing 64% of that seen at the level of maximal damage in SHRs (compare with Fig. 2) . The volume averaged 70 mm 3 , � 37% of that in SHRs. The anatomical distribution of the lesions at the maximal zone is shown in Fig. 7 . At this site, the lesion (represented by the area encompassing light and dark stipple) preserves more of the dorsal and ventral surfaces of the hemisphere and is not as deep, affecting only the lateral edge of the striatum.
In six SD rats of this batch, FN stimulation after MCA occlusion also resulted in a significant reduc tion in lesion size. The lesion volume was 40 mm 3 , representing a reduction of �40% and again re stricted to the posterior two-thirds of the cerebrum (Fig. 6) .
In a second batch of SD rats, MCA occlusion in seven rats resulted in a substantially larger volume (193 mm 3 ), a volume comparable to that of SHRs despite the fact that the AP of this group was in the Fig. 2 ). Dark and light stipple represent the extent of lesion in the absence of FN stimulation. Light stipple is the distribution in rats with FN stimulation. The dark stipple therefore represents the retrievable zone (Rl). Light stipple represents the area of brain not salvaged by FN stimulation (irretrievable zone, Il). CPu, caudate-putamen; FL, forelimb region of sensorimotor cortex; GICx, granular region of cortex; Il, irretrievable zone; Rl, retrievable zone; SMCx, sensorimotor cortex. normotensive range. Tandem FN stimulation in six rats of this batch resulted in a lesion that averaged 65 mm 3 , representing a reduction of 66%.
DISCUSSION
The present study sought to determine whether electrical stimulation of the FN, under conditions that will increase rCBF but not glucose utilization in the rat cerebral cortex (Nakai et aI., 1983) , will modify the size of ischemic infarction elicited by occlusion of the MCA (Tamura et aI., 198 1) . We have observed that 24 h after MCA occlusion, the volume of the infarction is reduced 40-70%, that the distribution of the retrievable area is highly consis tent, and that the effect appears to be directly re lated to excitation of the neuronal system repre sented within the FN and responsible for the global increase in rCBF in rat (Nakai et aI., 1982) , cat (Doba and Reis, 1972) , and monkey (McKee et aI., 1976; Goadsby and Lambert, 1989) .
J Cereb Blood Flow Metab, Vol. 11, No.5, 1991 In our initial experiments, we studied the effects of FN stimulation on MCA occlusion in SHRs. This strain was utilized since, as others have observed (Brint et aI., 1988) and as confirmed by ourselves here, MCA occlusion elicits reproducible ischemic lesions consistent anatomically and volumetrically between groups. We observed that intermittent electrical stimulation of the FN resulted in a sub stantial (40%) reduction in the size of the ischemic infarction. The reduction in lesion size was consis tent between animals in its distribution and was rep resented by an area of preservation, the RZ, in which, at 24 h, tissue appeared normal, microscop ically. This zone surrounded a zone of infarction invariable between all groups, an IZ. The RZ sur rounded that area of infarction dorsally and ven trally, resulting in preservation along the dorsal as pects of the sensory-motor cortex, ventrally in the pyriform cortex, and medially in portions of the hip pocampus, dorsal amygdala, and lateral striatum. The salvage was more pronounced in cortical areas in posterior than anterior aspects of the hemi sphere.
The distribution of the RZ is very comparable to the area of tissue preservation elicited by treatment of rats or cats with drugs that block calcium entry (Germano et aI., 1987) , with a-adrenergic antago nists (Gustafson et aI., 1989) , and by drugs that are glutamate antagonists (Park et aI., 1988) . It lies within the watershed areas of collateral flow and appears to coincide with that zone referred to as the penumbra (N edergaard et aI., 1986) , which sur rounds an inner zone of virtually no blood flow and reduced metabolism and is characterized by re duced CBF and enhanced cerebral glucose utiliza tion (CGU), That the response was not restricted to SHRs was demonstrated by the finding that the response was also obtained in rats of the SO strain although with greater between-group variability.
The reduction in lesion size associated with FN stimulation does not appear to be attributable to physiological variables associated with the experi ment ( Table 2 ). The AP was maintained within com parable values between experimental and control rats by controlled hemorrhage and thus was not a contributing variable. The slight reduction in Hct in the FN-stimulated group in the study utilizing SHRs cannot, for several reasons, explain the effect of FN stimulation on brain preservation. First, the Hct, although less than controls, was still well above the range in which hemodilution has been claimed to reduce ischemic damage of brain (Iadecola et aI., 1983) . Second, in SO rats, the hematocrit did not vary between groups even though FN stimulation still reduced lesion size substantially. Comparably, while SHRs in which the FN was stimulated exhib ited a modest respiratory alkalosis, the conse quence of the tachypnea often associated with elec trical stimulation of the FN (Onai et aI., 1987) , these changes were not seen in SD rats in which FN stim ulation reduced lesion size. Moreover, the hypo capnia would be expected, by reducing CBF, to en large rather than reduce the lesion. Finally, the modest elevation of blood glucose resulting fr om the substantial release of epinephrine from the adre nal with FN stimulation (Del Bo et aI., 1983) was also unlikely to contribute since, if anything, hyper glycemia would be expected to enhance rather than reduce the stroke lesion (Nedergaard and Diemer, 1987; Duverger and MacKenzie, 1988) , although this issue is in contention (Prado et aI., 1988; Zass low et aI., 1989; Kraft et aI., 1990) . The effect of FN stimulation in reducing the in fa rct volume appears, for three reasons, to be spe cifically related to activation of the neuronal net work represented within the cerebellum, which me diates the cerebrovascular vasodilation. First, the area of the FN stimulated in this study was defined in each animal as the zone from which electrical stimulation elicits an elevation in AP at the lowest threshold and hence was fu nctionally as well as an atomically similar to that known to elicit a cerebro vascular vasodilation in rat (Nakai et aI., 1982) . Second, electrical stimulation in the adjacent DN, which has no effect upon rCBF (Mraovitch et aI., 1986) had no effect upon the size of the lesion. Third, atropine, which abolishes the cerebrovascu lar vasodilation elicited from FN (Iadecola et al., 1986; Arneric et aI., 1987) , also nullified the effects of FN stimulation on reducing infarct size. The ca pacity of atropine to block the salvage of the infarct by FN stimulation also strongly suggests that the preservation of infarcted brain by FN stimulation is not the result of systemic or hormonal associates of 13 7 9 7 FN stimulation since the effects of atropine appear to be largely at the local vascular bed and not intra cerebral pathways (Arneric et aI., 1987) . The mechanism by which FN stimulation results in preservation of >40% of the volume of an isch emic infarction is not known. It is assumed that the response is a consequence of excitation of the as cending networks excited by the FN and responsi ble for the cerebrovascular vasodilation, although in this study rCBF was not measured. Since the FN does not project to the cerebral cortex (Batton et aI., 1977) nor to adjacent areas of striatum, the ef fect of FN stimulation on preserving portions of the focal ischemic infarction in these regions must be mediated over a polysynaptic pathway.
There are two principal mechanisms that may ac count for the effect. The first, a vascular hypothe sis, can attribute the salvage of tissue to an increase in rCBF in the area of the lesion. Thus, FN stimu lation, by increasing flow in the zone surrounding the infarction, can offset the partial ischemia there and preserve marginally damaged neurons. This presumed increase in flow may also be useful in meeting the demands for O 2 of the tissue surround ing the infarction wherein glucose utilization is in creased (Nedergaard et aI., 1988) . However, at this time, it is not possible to ascertain if the vascular mechanism can account for tissue salvage. First, it remains to be established whether FN stimulation will increase rCBF in the RZ. Second, even so, it is not certain whether such an elevation of rCBF will contribute to tissue preservation.
The second mechanism, a neurotransmitter hy pothesis, would propose that the salvage may be the consequence of the release of neurotransmitters that, by reducing neuronal activity, ionic fluxes, and/or the locally elevated metabolism in the sur roundings of the lesion, is responsible for preserva tion of marginally damaged neurons. By this hy pothesis, any increase in rCBF, itself mediated by release of transmitters locally including acetylcho line (Arneric et al., 1987) , may only be an epiphe nomenon. Studies are presently underway to distin guish between these alternatives.
Irrespective of mechanism, the study demon strates that intrinsic pathways within the brain have the capacity, when activated, to restrict the size of stroke lesions. This observation adds to the increas ing evidence that the damage produced by focal ce rebral ischemia is mutable and may be substantially reduced by appropriate therapeutic interventions.
